Low Energy Ion Scattering (LEIS) was employed to study the surface composition of thin films of Ru on B, C and B4C films at different stages of growth. Effects of surface segregation of C were observed. Previously unknown matrix effects were observed in these samples, expressed in the decrease of LEIS signals of Ru, B and C at low Ru concentrations. The effect disappears for Ru-rich surfaces. Measurements with different He+ ion energies prove that the characteristic velocities of the elements involved change with surface composition. We suggest that these matrix effects appear due to the changes in neutralization efficiency in quasiresonant neutralization from the valence band (VB-qRN). This neutralization channel is present in elemental C and B due to a wide valence band with energy states as low as -20 eV, which are in a (quasi-)resonance with the He 1s level. This mechanism was earlier reported for graphitic carbon. We suggest that it can be applied to a much wider range of materials, leading to potential matrix effects in LEIS from a variety of surfaces, containing B, C and potentially O and N atoms, e.g. borides, carbides, oxides and nitrides, as well as alloys with B and C. This hypothesis is supported by additional LEIS measurements on oxidized Ru which show matrix effect in Ru-O LEIS signals as well. We argue that it is possible to avoid the matrix effects from compounded surfaces within certain ranges of composition by a proper choice of reference samples, while for other compositions knowledge of characteristic velocities is required for reliable quantification.
Introduction
Low Energy Ion Scattering (LEIS) is a surface analysis technique with extremely low information depth, normally only the topmost atomic layer [1, 2, 3] . Extreme surface sensitivity is given by very efficient neutralization processes of noble gas ions with energies below 8 keV. The downside of this is the dependence of the LEIS signal on neutralization efficiency. Usually the neutralization efficiency of He + from a given surface atom does not depend on the surrounding atoms, in which case quantification of surface composition with LEIS is possible by comparing LEIS signals between given a sample and a reference sample with known surface composition and density [1] . However, occasionally neutralization processes and therefore LEIS signals can depend on the surrounding atoms. This phenomenon is called a matrix effect, and it can severely complicate the surface quantification. It is often considered that cases of matrix effects are few and limited to very specific situations.
In an earlier paper LEIS was used for studying the growth process of magnetron sputtered thin films of Ru on amorphous Si [4] . In this paper we extend this research to growth of thin films of Ru on several other amorphous substrates, namely B, C and B 4 C. The application of Ru thin films include catalysis [5] , seeding and substrate layers for Cu [6, 7] or graphene [8, 9] , bottom and top electrodes for DRAM capacitors [10] . Growth of Ru thin films on B, C and B 4 C substrates is important for a variety of multilayer structures for reflection of soft and hard X-Rays [11, 12, 13] . Interface width and composition of such systems is important to their performance, therefore they can benefit from the development of new techniques of thin film interface analysis.
Analogous to the LEIS studies of the Ru/Si combination [4] , the thin film deposition and LEIS measurements were performed without breaking vacuum. This allows to perform almost in-situ quantification of the surface composition for different thicknesses of Ru, and therefore compose a deposition depth profile (growth profile) [4] , as opposed to the more conventional sputter depth profile, which is produced by removing the top layer by sputtering and is consequently affected by sputter-induced intermixing and preferential sputtering.
An important aspect of this paper is related to the discovery of new matrix effects in Ru-B and Ru-C material combinations, and the limitations that these matrix effects impose on the quantification of Ru-B and Ru-C based thin films. We also study the origin of these matrix effects on the example of the Ru-B combination, and further extrapolate the findings to a much wider range of compounds. The results of this work are separated into two parts. In the first part (Section 3), LEIS measurements with 3 keV He + for different Ru thicknesses are used to obtain deposition depth profiles, but it becomes evident that in a thickness range below 1 nm the quantification procedure cannot be trusted. In the second part of the paper (Section 4), the suspected matrix effect is studied for the Ru-B system by measuring LEIS signals at different energies.
Experimental
All samples studied in this work have been produced in a home-designed UHV magnetron sputtering chamber with a base pressure up to 2 × 10 −10 mbar and target-to-substrate distance of 8.6 cm. Depositions were performed with 1×10 −3 mbar of Kr as a sputter gas. DC magnetron sputtering was used for Ru, B 4 C and C, while RF magnetron sputtering was chosen for B and Si. The thicknesses of the deposited thin films were controlled by quartz crystal microbalances (QCM). QCM readings were calibrated in advance, using a set of calibration thin films of which the thicknesses were extracted from fitting of CuKα Grazing Incidence X-Ray Reflectivity curves.
The deposition chamber was connected with a UHV transfer system to the LEIS chamber, sample transfer taking about 10 minutes between the deposition and the measurement. The LEIS setup was a Qtac100 instrument by ION-TOF, with a base pressure down to 1 × 10 −10 mbar, equipped with a double toroidal electrostatic analyzer and an electron impact ion source, with ion incidence angle normal to the surface of a sample and a scattering angle of 145
• . All LEIS spectra are obtained with He + primary ions. The default He + energy was 3 keV, and in a separate set of experiments with varied ion energies He + ions from 1 to 5 keV were used. Typical ion current during analysis was 1 -4 nA. Whenever ion sputtering was performed, a separate ion gun with 0.5 keV Ar + ions at angle of incidence of 59
• and ion current of 100 nA was used. To obtain the deposition depth profiles for Ru on B, B 4 C and C a series of samples with a varied thickness of Ru layer was produced for each material combination. The general composition of samples was the following: the initial substrate was a superpolished Si wafer covered with its native oxide, then it was covered with 4 nm of amorphous Si, then 5 nm of the chosen substrate layer (B, C or B 4 C), then 0 -35 nm of Ru. Immediately after deposition each sample was transferred to the LEIS chamber and analyzed, the delay between deposition and analysis was within 10 -15 minutes. The results of these measurements are presented below.
It is worth noting that we distinguish individual samples of each series by the as-deposited thickness of Ru film, which is obtained from calibrated signal of a quartz crystal microbalance. Due to interaction of Ru with its substrate the density of the grown film is different from a bulk Ru film used for calibration. Therefore, the as-deposited Ru thickness is not equal to the actual Ru film thickness, but instead serves as a measure of the deposited amount of Ru.
LEIS measurements with keV He+

LEIS spectra
Raw LEIS spectra of each material combination are shown in Fig. 1 . Each spectrum has elemental surface peaks corresponding to 3 keV He + backscattering from atoms of each element in the first atomic layer. Samples with Ru have a Ru "tail" at energies below the Ru peak, which represents scattering from Ru atoms located in deeper layers, followed by reionisation when the scattered particle leaves the surface.
Except for three elements deposited (Ru, B, C), there are other elements observed on the surface. A small oxygen peak is always present in the spectra in roughly the same amount, suggesting a slight surface contamination during sample transfer time. B 4 C films have a negligible amount of Ca contamination, which may be present due to machining of the B 4 C target and is only visible on the surface of B 4 C due to the low surface energy of Ca [14] . Boron substrate films have some Fe contamination, which can be expected to happen in a stainless steel chamber with a stainless steel magnetron chimney due to the non-localized nature of the plasma during RF magnetron sputtering. Finally, most spectra feature a background exponentially rising at lower energies, which consists of ions that were sputtered from the sample surface by He + ions.
Surface peaks in LEIS spectra
The integral area of a surface peak of an element i, expressed in counts per primary ion dose (here counts/nC), is given by the following equation [1] :
where e is the electron charge, ξ is the analyzer and detector instrumental factor, R is a roughness factor, P + i is the ion fraction, dσi dΩ is the differential cross-section in area per solid angle and N i is the surface atomic density in (atoms/area). The quantification of surface composition is simple when most of these parameters are constant or known. In the ideal case, we expect S i ∝ N i . Such proportionality is obtained under the following assumptions. First, ξ = const, because the same setup is used for the measurements, and analyzer and detector configurations are fixed. Second, dσi dΩ = const and only depends on the ion-target atom combination, scattering geometry and ion energy. Third, as long as our thin films do not exhibit island growth, and we mostly deal with amorphous surfaces, we can assume R = const. This factor is most probably (slightly) varying during growth, but without additional in-situ information of high frequency roughness development we have assumed a constant roughness. Finally, in the absence of matrix effects P + i = const if measurements are done at the same energy. The involvement of matrix effects will be a subject of the Section 4.
When matrix effects are absent, the incident ion energies are fixed and roughness is constant, Eq. 1 becomes a simple proportionality
Another surface quantity is the surface atomic fraction x i = Ni j Nj . The surface atomic fraction x i is a more representative quantity than surface coverage ϑ i , because i x i = 1 by definition, while i ϑ i = 1 only in absence of compaction/expansion during compound formation.
To calculate N i , ϑ i and x i we need S A strong non-linear behavior suggests the presence of a matrix effect. The proper way to study matrix effects involves measuring LEIS signals with different ion energies, which will be done in Section 4. Before the detailed study we can already assume that there are two different regimes of behavior of Ru-C and Ru-B curves in Fig. 2 , separated by certain critical amount of Ru ϑ Ru ≈ 0.5, achieved at ∼ 1 nm of Ru. Any measurement that falls on the left side of the curve is suspected to have a matrix effect, and any measurement on the right side follows a straight line, which is expected in absence of matrix effects. If this assumption is correct, the right side of the curve can be used for internal calibration of S 
Deposition depth profiles
After the discussion of the aspects of quantification of the surface composition, we demonstrate the deposition depth profiles of Ru on different substrates (Fig. 3 ). Both surface coverages ϑ i and surface atomic fractions x i for each element are presented. All data points that are subject to matrix effect are marked differently, and not used in the discussion. There are several observations to be made from these depth profiles. The fraction of Ru on the surface is monotonously increasing with the amount of Ru, the fraction of the substrate atoms is monotonously dropping -B in Ru/B, C in Ru/C, fractions of B and C added together in Ru/B 4 C.
It is unexpected that these changes are occurring relatively slow -in the worst case, i.e. in Ru/C, some carbon atoms are still visible after 30 nm of Ru is deposited on top of the C film. There are three possible explanations: it can be caused an extremely deep intermixing, growth of Ru in large islands, or surface segregation of C. Island growth is disproved by AFM measurements of the samples at different stages of growth. The root mean squared roughness was measured from 1.5 and 15 nm Ru films on C, B and B 4 C. All of these samples exhibited stochastic roughness with an RMS value from 0.14 to 0.21 nm, similar to the initial substrate roughness, or to Ru grown on Si [4] . Therefore, island growth modes can be excluded.
To prove that a very slow disappearance of C from the surface cannot be explained by simple intermixing of C with Ru, we created a sample with a drastically reduced amount of C. A thickness of 3.2 nm of Ru was deposited on top of 0.4 nm of B 4 C on a Si substrate. The LEIS spectrum of the surface of this sample is shown in Fig. 4 . The surface coverage of C in this spectrum is about 10%. A simple estimation shows that if all of the C atoms from the B 4 C layer were spread homogenously in the Ru layer, it would result in 3% volume concentration of C. This means that the C content within the Ru film cannot be constant or decaying toward the surface, but must increase at some point. Therefore, a surface segregation phenomenon is required to explain the observed effect.
The surface segregation of C on Ru is a well-known phenomenon in graphene growth [9] , and we can apply it to Ru on C growth as well. Even after the interface transition from C to Ru is finished and the Ru layer becomes bulk, some C still continues to stay on the surface, only very slowly dissolving in the Ru matrix under the incoming flux of Ru atoms. Previous experiments [4] showed that Si is also segregating on top of Ru. We cannot exclude the possibility of surface segregation of B as well.
Another notable feature, which we will call "uplifting", is related to the behavior of C is found in Ru/B 4 C deposition depth profiles (Fig. 3d) . While the fraction of Ru increases and the fraction of B decreases, the fraction of C has a more complex behavior -initially it increases, and only starts to drop when B disappears. This effect goes well beyond the thickness range involved in the matrix effect. We can assume that this feature is associated to surface segregation of C as well. If we assume that surface segregation only occurs on atoms slows down with increasing thickness of the Ru layer, and after ∼ 2.5 nm of Ru it is overcome by the process of removal of already segregated C atoms by arriving flux of fresh Ru atoms. Due to the fact that B and C fractions behave independently in Fig. 3d , we conclude that B 4 C is decomposing during the deposition of Ru. Decomposition of B 4 C was already shown by XPS studies of this layer system [15] .
The last observation from Fig. 3b is about the presence of C in the Ru/B deposition depth profile. In a pure B sample there is no detectable amount of C, but a small and nevertheless certain amount of C appears after 2 nm of Ru are deposited (also beyond the thickness range involved in the matrix effect). For comparison, no C signal was detected in Ru/Si growth [4] . The B target that was used for deposition always has 1-3% C doping. This amount of C is undetectable in a pure B sample. Its appearance in later samples is a sign of surface segregation of C on Ru, which brings C atoms to the surface.
LEIS measurements with different He+ energies
The matrix effects in Ru-B and Ru-C in Fig. 2 require additional attention. In this section we study the origin of matrix effects with focus on Ru-B material combination. We follow the established technique to study matrix effects in LEIS [16, 17] , which we earlier used to study matrix effects in La-containing surfaces. The measure of neutralization efficiency is a so-called characteristic velocity v c , which is in an integrated electron transfer rate from the surface to an ion. To obtain characteristic velocity for a given ion-target combination, LEIS signal needs to be measured at different incident ion energies and then plotted as a function of ion velocity in the special coordinate set given by Eq. (5) in [17] .
To measure characteristic velocity of pure Ru and pure B as reference samples, 20 nm Ru and 15 nm B thin films were deposited on Si wafers. LEIS signals of Ru or B were measured with several incident ion energies ranging from 1 to 5 keV. Before each measurement the surface was sputtered by a 0.5 keV Ar + beam until signal saturation. The data for Ru is shown in Fig. 5a and the data for B is shown in Fig. 5b . The next step was to perform similar measurements for the mixtures of Ru and B of different compositions, for which samples of 0.9 and 0.5 nm Ru on 5 nm B on Si wafer were chosen. To extend the range of measured surface compositions without depositing more samples, after the initial LEIS measurement each of these samples was sputtered with 0.5 keV Ar + ion beam of 3 × 10 14 atoms/cm 2 fluence and measured again. The next step of data analysis is to extract characteristic velocities v c,Ru and v c,B from the slopes of linear fits of the inversed velocity plots and the atomic surface densities N Ru and N B from the intersection points of the linear fits, following the same procedure as in [17] . The results are shown in Fig. 6 separately for Ru and for B. Additional measurements were also performed on a reverse layer system as well: a sample of 0.5 nm B on 10 nm Ru was deposited and measured in the same fashion. To achieve different surface compositions for the reverse system, instead of a single sputter step, 3 sputter steps were done: with 1.5, 3 and 4. To understand the mechanism of this matrix effect we need to study its behavior. v c,B changes almost linearly with composition, while v c,Ru shows noticeable deviation from a linear behavior. However, v c,Ru can be plotted as a function of N B , as it is done in Fig. 7 . In these coordinates both v c,B and v c,Ru change linearly with the amount of B on the surface. The slopes of both lines are also rather close, which suggests that the relative changes of characteristic velocities of Ru and B happen together, i.e. these changes depend on the surface composition but are not element-specific. It means that neutralization mechanism responsible for the matrix effect is of non-local nature, and also justifies the use of the Hagstrum model for the calculation of the inversed velocity from the incident ion energy [17] in Fig. 5 .
Due to the abovementioned issues the work function cannot explain the observed matrix effect. It means that among two matrix effects observed for La in Chapter [17] the low work function effect (matrix effect in C-RN) is not involved; and oscillatory matrix effect matrix effect (matrix effect in qRCT) is not applicable in the current state as is expressed in changes of structuring of the ion yield curve, while our present matrix effect changes characteristic velocity. While this disqualifies matrix effect in qRCT, we should note that we cannot exclude presence of weak oscillations in Ru and B ion yields simply because of the lack of density of experimental points. However, none of these elements have atomic levels in proximity of He 1s level [18] , which are required for presence of qRCT in the first place. 
(Quasi-)resonant neutralization from the valence band
Matrix effects in C-RN and qRCT are not the only two matrix effects recognized in LEIS field. There is also a separately classified matrix effect in graphitic carbon, which appears due to a neutralization mechanism solely mentioned in connection to this matrix effect: (quasi-)resonant neutralization from the valence band of the target to the ground state of the projectile [19, 20] (Fig. 8) .
Due to the lack of standardized abbreviation we will call it VB-qRN in this thesis. VB-qRN is a non-local mechanism, because much like C-RN or CIN it originates from a wide band which spans multiple atoms in the solid. VBqRN can only occur when the valence band is wide enough to become resonant with the ground state of the projectile; as demonstrated in [20] this condition is satisfied for graphitic carbon. For most other materials, resonance between the bottom of the valence band and the projectile ground state is only possible at very small distances due to promotion of projectile levels in a close collision (CIN, collision-induced neutralization, or resonant neutralization in close collision). VB-qRN can be viewed as an intermediate case between CIN and qRCT.
It is an extreme case of CIN with a threshold energy close to zero, when no promotion is required. It is also an extreme case of qRCT with a very wide band [21] , which severely reduces the probability of reionization due to small hole lifetime within the band, and therefore makes for more efficient neutralization. It also causes severe dampening of ion yield oscillations as a function of inversed ion velocity [20] . VB-qRN relies on the unusually wide valence band of the target. We performed a literature search for calculations of the density of states (DOS) of valence electrons of different states of C, B and Ru, and the results are shown in Table 1 . Instead of comparing the full DOS, we only focus on the difference between the energy of the lowest state of the valence band and the Fermi level. We will call this energy E lowestVB . The uncertainty of such calculations is significant, therefore comparisons of E lowestVB obtained with different techniques can be misleading. For an example of graphite, we were able to find E lowestVB from 26 eV [22] , obtained from AES measurements, to 20 eV [23] , calculated by the tight binding model. Such uncertainties cannot be avoided, but in several cases a relative comparison of E lowestVB can be done for the calculations performed in the same source. Assuming typical value of work function of 4 eV, the valence band will be resonant with He 1s level as long as E lowestVB > 24.6 − 4 = 20.6 eV. By this measure graphitic C will be subject to VB-qRN mechanism. Metal carbides, e.g. MoC [24] , have much narrower valence band and will not have this neutralization channel. Therefore C in graphite will have much higher characteristic velocity than C in MoC, leading to a matrix effect.
Comparison of graphitic C with diamond and amorphous C [23] shows that all of these states of C have E lowestVB > 20 eV, which means that VB-qRN should be present in all elemental C and not only in graphite. We believe that all of the conclusions from the work of Průsa et al. [20] can be applied to diamond and amorphous C as well. This allows to explain the behavior of Ru-C LEIS signal pair in Fig. 2 . The range of compositions starts with a pure amorphous C film, which has strong valence band neutralization, which reduces all LEIS signal (similar to situation with graphitic C). This effect is non-local, since it originates from the valence band, therefore Ru signal is affected as well. Ru carbides do not form at normal conditions [31, 32] , therefore with increasing amount of Ru on the surface of the sample amount of electrons originating from valence band of C film proportionally reduces, and additional neutralization channel weakens. The decrease in the strength of neutralization causes an increase of the signals of both Ru and C, which is reason for a positive slope of the left side of Ru-C curve in Fig. 2 .
The right part of the curve behaves differently. Our assumption is that after a certain critical amount of Ru (ϑ Ru 0.5, achieved at ∼ 1 nm of Ru) is deposited on the surface of the sample, no carbon atoms are bonded to each other in sufficient quantity to form a wide valence band, and additional neutralization channel disappears; matrix effect no longer present. This is represented by linear Ru-C dependence on the right side of Ru-C curve in Fig. 2 . Table 1 shows that while the E lowestVB of elemental B also varies between allotropes and different calculations, it can be expected in the range of 16 to 22 eV. Most of the calculations feature one or several sub-bands below the valence band, which may or may not be separated in the actual sample due to additional broadening of the levels. It means that bottom of the valence band of elemental B can potentially be in the strict resonance with He 1s level, and otherwise is in the quasiresonance with an energy mismatch of up to 4 eV. For qRN such energy mismatch still yields strong resonances [1, 17] , therefore we can expect VB-qRN in elemental B as well. B-rich ruthenium borides can have high E lowestVB [29] , which is noticeably decreasing with decreasing amount of B (from 20 for RuB 4 to 14 for RuB 2 ). The strength of quasiresonance decreases with increasing energy mismatch, therefore VB-qRN will gets weaker with decreasing amount of B. Ru has a much smaller E lowestVB [30] , for which VB-qRN is impossible. It means that in the transition B -RuB x -Ru strength of VB-qRN is constantly decreasing, leading to a constant decrease of characteristic velocity, leading to a matrix effect in Ru-B material combination.
With the help of VB-qRN we can explain additional details of the matrix effect in Ru-B that were observed in the section 4. First of all, matrix effect is observed in both Ru and B LEIS signals, and relative change of characteristic velocity with composition is the same for B and Ru (Fig. 7) . VB-qRN is a non-local neutralization mechanism, which explains why it has the same effect on He ions scattered from both Ru and B atoms. Second, we can explain why v c,B in Fig. 6b changes linearly with N B , while v c,Ru deviates from a straight line in Fig. 6a but behaves more linearly in Fig. 7 . The reason for this is that VB-qRN originates from the bottom part of the valence band, which is formed by B-B and Ru-B bonds [29] and therefore depends on the amount of B more than Ru.
In this section we established that the matrix effect in Ru-B mixtures occurs in a wide range of compositions (Fig. 7) , from approximately 1:1 mixture to pure B, but from this figure we are unable to say at which critical concentration of B in the mixture the matrix effect disappears. It appears that there are added to Ru leads to change in v c . However, at E lowestVB or pure Ru a small change E lowestVB should not lead to appearance of VB-qRN. Therefore, there must be a critical concentration at which the linear trend is no longer sustained. The only estimation of critical concentration remains from Fig. 2 , therefore a question of quantification of Ru-rich mixtures with LEIS can be considered open until more measurements of characteristic velocities are done.
Discussion
Ru-B and Ru-C material combinations are not the only cases where matrix effects related to a band structure can be observed. Technically, all borides and carbides should exhibit such matrix effects if corresponding pure elements are chosen as reference samples. This is simply because VB-qRN is present in elemental B and C but absent in other elements, therefore P + of at least one of the elements will be different in the mixture. The matrix effects should also propagate to situations where both elements have VB-qRN, for example a boroncarbon mixture (B 4 C), because valence band shape and therefore neutralization efficiency in B 4 C is different from any elemental B or C.
We expect that in a lot of cases matrix effects can be avoided by a proper choice of reference samples. For example, when measuring surface composition of certain metal carbide, one can use a pure surface of that metal as a reference for its LEIS signal, but reliable reference of C should only be obtained from extrapolation of a linear part of the pairwise signal comparison (Fig 2) , and not from any form of elemental carbon. This approach will work for any metalrich surface composition that does not yet exhibit VB-qRN. For very carbonrich surfaces in the presence of VB-qRN, the neutralization efficiency will be changing as a function of surface composition, and therefore the only reliable quantification method will be to measure the LEIS signal at different incident ion energies and extrapolate to infinite energy. With regard to transition metal borides with very delocalized B 2s-2p states, similar to RuB x (OsB x [29] , CoB x , RhB x and IrB x [33] , ZrB 2 and HfB 2 [34, 35] ), the compositional range of a constant neutralization efficiency might be narrow (see Section 4), therefore the quantification of surface composition of transition metal borides will most probably require measurements at different energies.
A slightly different situation arises with regard to hexaborides, as well as metal oxides and nitrides. Alkaline earth and rare earth hexaborides have much more localized B 2s-2p states [36, 37] [24] .
These isolated bands from B 2s-2p, O 2s or N 2s states can also be in a (quasi-)resonance with He 1s. This is the charge exchange process commonly known as qRN or qRCT. In the paper [17] we treated the target levels associated with qRCT as atomic levels, without taking their broadening into account. However, being a part of a solid, these levels can be treated as electron bands of a certain width. It is known that width of a band involved in a resonance affects the effectiveness of neutralization channel [21] , which is expressed in dampening the oscillations of ion yield and increasing the characteristic velocity. It is also known that the radial distribution function of electron probability distribution is more narrow for d-electrons than for p-and s-electrons, which also means that energy splitting of d-electrons is lower and d-bands are more localized in space and in energy compared to p-bands. All strong oscillations in LEIS ion yield were produced by resonances with d-bands only [1] . In our earlier work [17] we observed much weaker oscillation of ion yield in He + scattering from La in different chemical states. We attributed the oscillations to quasiresonance between He 1s and La 5p levels, but the reason for severe dampening of oscillations was unclear. Now we can say that the broadening of p-orbitals compared to d-orbitals is the most likely explanation, that does not involve the use of an orbital symmetry rule, contrary to, for example, Souda et. al. [44] .
There is a lot of similarity between qRN from deep lying valence band states and qRN from relatively wide (i.e. s-or p-) non-valence bands. Changes in width and position of those bands can also affect the neutralization efficiency. Damplening of oscillations and increase of neutralization efficiency are caused by the same effect [21] . In the earlier paper [17] we explained the changes in v c of La by low work function matrix effect, however part of these changes might originate from qRN from B 2s-2p in LaB 6 and O 2s in La 2 O 3 . For the surfaces that are not subject to low work function matrix effect, for example for transition metal oxides, the change of characteristic velocity due to qRN can become dominant. Therefore, we can potentially expect qRN-related matrix effects in a variety of metal borides, carbides, oxides and nitrides.
To experimentally verify this prediction at least for Ru oxide, a simple proofof-principle experiment was performed. A pure thin film of Ru was deposited by magnetron sputtering, and without breaking the vacuum exposed to atomic oxygen from a plasma source at a pressure of 1 × 10 −4 mbar for ¿1 hr at room temperature. The procedure should result in the formation of stoichiometric RuO 2 thin film of ≈1 nm thickness. LEIS measurements of sample surfaces after the treatment did not show any quantifiable amount of Ru on the surface, which can be attributed to additional adsorbed O atoms on the surface. After mild 0.5 keV Ar + sputtering LEIS signals of both Ru and O atoms can be reliably measured. The results of the measurements are shown in Fig. 9 for both Ru and O peaks. There is a noticeable difference in characteristic velocities of pure Ru and oxidized Ru. There is also a difference between characteristic velocities of O from untreated surface (RuO 2 + adsorbed O) and sputter-cleaned surface (RuO 2 only). Understanding of the actual behavior of neutralization mechanisms in Ru oxides goes beyond the scope of this work, but this proof-ofprinciple experiment supports our prediction about existence of matrix effects related to neutralization O 2s levels.
Conclusions
In this work 3 keV He + scattering was used to measure the surface composition of thin films of Ru on B, C and B 4 C films at different stages of growth. Surface segregation of C on Ru and strong intermixing were observed in all cases. Matrix effects in He + scattering from surfaces with a low Ru concentration (ϑ Ru 0.5, achieved at ∼ 1 nm of Ru) were observed. Dedicated studies of matrix effects were performed on the Ru-B material combination. After measuring the Ru and B signals with several He + energies we observed a roughly linear increase of the characteristic velocities of Ru and B with the increase of B content. This phenomenon cannot be explained by a low work function matrix effect, which originates in from resonant neutralization from the conduction band of the target to excited levels of He
+ . Yet, we explain this effect by the presence of quasiresonant neutralization from the valence band of B and RuB x targets. Elemental B and Ru borides have wide valence bands with low lying states (E lowestVB = 20 to 14 eV) that can be in quasiresonance with the He 1s level, while the valence band of elemental Ru cannot participate in such quasiresonance (E lowestVB = 7.5 eV). This difference results in the changes of neutralization efficiency and therefore in LEIS signals, which gives the matrix effect in Ru-B surfaces. A similar matrix effect is observed for Ru-C surfaces.
We further predict that qRN-related matrix effects of a similar mechanism can be applied to a much larger variety of compounds, i.e. metal borides, carbides, oxides and nitridies. A proof-of-principle experiment on oxidized Ru film shows a matrix effect in the Ru-O material combination as well, which can be attributed to qRN from O 2s levels. Further validation of this prediction necessitates systematic comparisons of characteristic velocities between pure elements and their compounds. We suggest that such measurements are necessary for reliable surface quantification in LEIS. We hope that this work will encourage more research on matrix effects originating from VB-qRN and qRN, and henceworth the limits of quantification of compounds by LEIS imposed by the presence of matrix effects.
